The smart thermo-optical systems studied here are based on the unusual thermoreversible sol-gel transition of zirconyl chloride aqueous solution modified by sulfuric acid in the molar ratio Zr/SO 4 :3/1. The transparency to the visible light changes during heating due to light scattering. This feature is related to the aggregates growth that occurs during gelation. These reversible changes can be controlled by the amount of chloride ions in solution.
Introduction
The ability to perform both sensing and actuating functions are characteristics of smart materials, which are therefore able to mimic of the functions of living systems, namely, being aware of surroundings and able to answer a signal with an useful response. The properties of the most widely used smart materials are tuned by two phase transitions, like austenitic and martensitic changes of partially ordered sharp-memory alloy (NiTi), and/or by diffuse phase transformation of disordered framework, like in ferroelectric relaxor Pb(Mg 1/3 N 2/3 )O 3 (Newnham, 1998) . In these systems, a persistent non-equilibrium state optimizes dynamic behavior imitating the biological systems, where neither constancy (equilibrium death-like) nor relentless (chaos) changes support a complex life form (Kelly, 1994) .
The appeal of smart materials showing switchable optical properties has grown dramatically during past years (Ball, 1998; Anon, 1998) . Particularly, we have discovered recently a novel smart thermo-optical system that experiences a reversible change in optical properties as submitted to a cyclic variation of temperature (Chiavacci, Santilli, Pulcinelli & Craievich, 1997; Chiavacci, Pulcinelli, Santilli & Briois, 1998) . This behavior is due to an unusual thermoreversible sol-gel transition of zirconyl chloride aqueous solution modified by sulfuric acid in the ratio Zr/SO 4 :3/1. The transparency to the visible light is reduced by 40% during heating due to the light scattering from aggregates formed during gelation. By cooling the original transparency is recovered due to desegregation and consequent liquefaction of the gel (see Figure1) . This cyclic dependence between transparence and temperature can be used to control the light energy transfer across windows of residential and commercial buildings. The characteristic temperature in which this reversible change occurs can be manipulated by both the concentration of zirconyl chloride in aqueous solution (Chiavacci, Pulcinelli, Santilli & Briois, 1998) and by the amount of chloride ion in solution (Chiavacci, Pulcinelli, Santilli & Briois, 1999) . The characteristic temperature for thermoreversible sol-gel transition increases from 323 to 343K by decreasing the Cl/Zr molar ratio from 7.0 to 1.3. In an extensive review, Guenet (1992) has shown that a thermoreversible sol-gel transition should proceed via a first-order transition, arising from the creation of a minimum molecular order out of the initial disordered solution. Gelation occurs from cooperative van der Waals bonds of energy of the order of kT, leading to the formation of junction domains between chains. The physical junctions can be induced either by solvent quality (in the sense of Flory's classification) or by crystallization. For the former, the formation of a precursor-solvent compound is often reported, while for the latter the physical junctions are said to consist of the usual crystalline form, as observed in the bulk crystalline state of the precursor.
For the system here studied, we have observed by in situ EXAFS measurements that no changes of the short range order occurs during the sol-gel transition (Chiavacci, Pulcinelli, Santilli & conference papers Briois, 1998) . Furthermore, the structural EXAFS data coupled to chemical analysis indicate that primary particles, in the sol and the gel, are formed by highly polynuclear species such as the known Zr 18 O 4 (OH) 38.8 (OSO 3 ) 12.6 crystalline compound (Squattrito, Rudolf & Clearfield, 1987) . As a conclusion of this study we have proposed that the thermoreversible gelation is induced by solvent quality but the role of chloride ions has not been systematically investigated. Hence, this thermoreversible behavior is very different from thermal hydrolysis process, in which polycondensation reactions lead to the irreversible formation of colloidal zirconia sols or gels (Hu, Zielke, Lin & Byers, 1999) .
In this paper, a SAXS study concerning the effect of chloride ions on the structural evolution during the thermoreversible sol-gel transition of a zirconyl chloride solution modified by sulfuric acid is presented. Structural parameters, such as fractal dimensionality, fractal correlation length and primary particle size are determined from in situ SAXS measurements carried out during isothermal treatment near the gelation temperature. The time evolution of the fractal aggregates growth is interpreted using classical models developed for advanced stages of phase separation.
Experimental Procedures

Sample Preparation
Colloids suspensions have been prepared as previously described (Chiavacci, Pulcinelli, Santilli & Briois, 1998) . Aqueous solutions of ZrOCl 2 .8H 2 O (Aldrish, PA, 0.2 mol L -1 ) premixed with hydrochloric acid (2 mol L -1 ) were added to a hot (353 K) aqueous sulfuric acid solution (0.2 mol L -1 ), drop by drop under magnetic stirring, the volume of ZrOCl 2 solution being adjusted to yield suspensions of a 3/1 Zr 4+ /SO 4 2molar ratio. Aliquots of 15 mL of the so-prepared solutions were put inside acetylcellulose membrane tubing (12 to 14000 MW), and then submitted to static dialysis against 200 mL of doubly distilled water at 295 K during 24 h to obtain transparent and stable suspensions. Zirconium, chloride and sulfate concentrations were systematically varied by mixing appropriate volume ratios of zirconyl chloride and acids solutions. Information on the composition of dialyzed compositions have been obtained from chemical analyses by ICP/AES (inductive conduction plasma coupled to atomic emission spectroscopy) and by infrared detection during pyrolysis of freeze-dried samples.
-The SAXS characterization
The SAXS study was performed using the D24 SAXS station at the synchrotron X-ray source DCI at LURE, Orsay, France. The station is equipped with a bent germanium (111) crystal monochromator which yields a monochromatic (1.49 Å) and horizontally focused beam. A set of slits defines the beam vertically. A vertical and linear position sensitive X-ray detector was used to record the scattered intensity (I). Because of the small size of the incident beam, no mathematical desmearing of the experimental function was needed. The scattered intensity was determined as the difference between the experimental curves recorded with the sample and the parasitic scattering curve obtained with the solvent (water). An ionization chamber, placed downstream the sample was used to monitor the intensity of the incident beam and to determine the sample transmission. For some of the samples, two independent experiments with different sample-detector distances (1750 and 730 mm) have been performed in order to obtain information on a large q-range (0.008 < q < 0.2 Å -1 and 0.02 < q < 0.5 Å -1 , respectively), q = 4π sinθ /λ, in which 2θ is the scattering angle and λ the wavelenght. In this case, the whole curve is the result of the overlap of curves obtained at each distance. The invariance of SAXS curves at high q-range (q > 0.2 Å -1 ) has determined to perform most of the experiments with the longest sample-detector distance.
In situ SAXS measurements were carried out during the isothermal heating treatment at 323 and 333 K. Data collection had started after the establishment of the thermal equilibrium (< 1 min). To ensure a good counting statistic, each spectrum was recorded during 6 min. The sample was put into a cell of 0.8 mm thickness with Kapton windows and placed in a Metler FP82 Hot Stage coupled to a Metler FT90 Central Process, in order to control the temperature. A control sample at the same temperature has been used to determine the gel time, defined here as the time interval in which the sample does not flow out due to its own weight.
Results and Discussions
The sol-gel transition for the samples prepared with Cl/Zr molar ratio (R) of 1.3, 2.2 and 7.0 has first been investigated by turbidimetry and viscosity experiments (Chiavacci, Pulcinelli, Santilli & Briois, 1999) . The gelation temperature upon heating at 1 K min -1 increases with the R value, ranging from 328 K for R = 1.3 to 345 K for R = 7.0.
The time evolution of SAXS patterns during the in situ isothermal sol-gel transition at 323 and 333 K are presented in the log-log plot of Figures 2a and 2b , respectively. For the sake of clarity, the set of curves corresponding to samples prepared with Cl/Zr molar ratio of 0.26, 1.3, 2.2 and 7.0 are shifted upwards by a factor 1, 11, 150 and 2700 respectively.
Information on larger q range (0.009 ≤ q ≤ 0.5Å), shown for samples treated at 323 K with R = 0.26 and R = 7.0, have been obtained by overlapping curves measured in two independent experiments with different sample-detector distances. The curves measured for different transformation times are approximately overlapping in q-range higher than 0.06 Å -1 , in which two power-law regimes can be distinguished. The first one (upper and lower sets of curves in Fig. 2a ) at q higher than 0.3 Å -1 , presents a slope of 04, in agreement with the Porod law, indicating that both sol and gel are constituted by primary particles presenting well defined and smooth surface. The calculated Porod limit ( 4 0I lim ⋅ → ),which is proportional to the surface area, stays invariant during isothermal treatment and this value is comparable to that revealed for the unheated sol, irrespective of the amount of chloride ions. Furthermore, the size of primary particles, a, estimated from the q-value of the crossover of the two power regimes, remains approximately constant (a = 1/q ≈ 4 Å) during sol-gel transition irrespective of the chloride concentration in the sol. This behavior indicates two main features: i) in the range of concentration here studied, the amount of chloride ions does not affect the chemical nature of the molecular precursor Zr 18 O 4 (OH) 38.8 (OSO 3 ) 12.6 .33H 2 O, which is assumed to be the basic building block of the gel network (Chiavacci, Pulcinelli, Santilli & Briois, 1998) ; ii) gelation occurs by the increase of connectivity among particles, leading to aggregates growth.
The second power law regime (intermediate q-range) presents a slope which depends both on the chloride concentrations in the sol and on the transformation time. The typical values obtained at advanced stages of transformation are close to 01.8, while for the sol these values range from 02.1 to 02.4. The extensive linear q-range (larger than one decade) observed at advanced stages of gelation is generally attributed to fractal structures (Brinker & Scherer, 1990) . In the low q-region a third regime is observed, mainly at early stages of the sol-gel transition. The scattering intensity is almost qindependent, characterizing non-interacting clusters. This feature is expected for fractal clusters with finite correlation length, behaving as independent scattering objects. In this case, the experimental SAXS curves can be described by the structure function proposed by Teixeira (1988) for fractal objects having upper and lower cutoffs corresponding to the size of primary particles, a, and the correlation length of fractal objects, ξ, respectively. The dependence of the structure factor S(q), on a, ξ and the fractal dimensionality, D, is given by:
where Γ is the gamma function and C is a constant. Note that this expression becomes S(q ≈ q -D when ξ -1 << q << a -1 . At large q (q > 1/a) the first term in (1) becomes dominant and the SAXS intensity exhibits the classical Porod asymptotic behavior. By contrast, for q << 1/ξ and diluted suspensions of fractal objects, S(q) exhibits the Guinier type behavior (Chaput, Boilot, Dauger, Devreux & De Geyer, 1990) .
The fitting with theoretical function S(q), given by (1) using the values of adjustable parameters determined by a nonlinear leastsquares refinement procedure are displayed by continuous lines in Fig. 2 . The theoretical equation gives a good agreement with the experimental data indicating that the time evolution of the gelling system can be described by a fractal structure model. Moreover, the q-range in which the fractal regime holds increases toward small qvalues for increasing transformation time, indicating fractal aggregates growth. The comparison between the curves displayed in parts (a) and (b) of the Fig. 2 shows that this growth becomes faster by increasing the temperature, irrespectively of the Cl 0 concentration. Figures 3(a) and 3(b) show the time evolution of the fractal dimensionality (D) during isothermal heating at 323 and 333 K, respectively, for samples prepared with different Cl/Zr molar ratio, R. At advanced stages of gelation, the fractal dimensionality values are almost invariant (D ≈ 1.75±0.05), being close to that expected for a cluster-cluster growth process limited by diffusion (D = 1.8) (Brinker & Scherer, 1990) . At the early stages of transformation the fractal dimensionality decreases continuously with the reaction progress, starting from values (2.4 to 2.1) which are characteristic of monomercluster growth limited by diffusion (Brinker & Scherer, 1990) . The decrease of the dimensionality is faster at 333 K for all the systems conference papers due to the increase of the rate of fractal growth, suggesting that when the monomeric species are no longer available, the cluster-cluster aggregation growth process becomes dominant.
Dealing with the influence of the chlorine concentration, we can note that a high chlorine content retards the gelation. This is well evidenced for the R = 7.0 sample at 323 K for which the rate of fractal growth is too slow to observe a significant change of D during the time of measurement. Furthermore, the results obtained at 333 K for the different samples show that even at the early stages of the gelation, the fractal dimensionality is lower than 2.4 suggesting that the cluster-cluster aggregation is already present. This behavior indicates a crossover between the monomer-cluster and the clustercluster processes which depend both on the chlorine concentration and on the temperature.
As we have pointed out in the introduction, the thermoreversible sol-gel transition should proceed via a first order transition arising from the creation and growth of solid domains in the initial liquid solution. Computer simulation studies have demonstrated that gel formation (Butler, Hanley, Hansen & Evans, 1996) , as well as the crystal growth from colloidal systems can be interpreted either in terms of nucleation and growth or in terms of spinodal decomposition theories developed for simple liquids and alloys. At the advanced stages of phase separation, the dynamics of domain size growth, G(t), are described by (Furukawa, 1988) :
where the kinetic exponent α takes various values between 1 and 1/d, d being the spatial dimension. The exponent α depends on the dominant growth mechanism, being equal to 1/3 for classical Ostwald ripening coarsening and 1 for hydrodynamic flow mechanism (Siggia, 1979) . Experimentally, (2) is written as:
where G (t=0) is the domain size at the beginning of the advanced stage and C is a growth rate constant. Figure 4 shows the log-log plot of the time evolution of the fractal correlation length (ξ), in which continuous lines represent the least square fit of experimental data. The observed linear behavior is in agreement with (3). The slope α is approximately equal to unity for the majority of samples in the time interval here studied, excepting the samples containing R = 7.0 treated at 323 K, and R = 1.33 at 333 K. In the first one, the slope for heating times smaller than 120 minutes is 1/3, while for the later time period it becomes of order of one. An opposite behavior is observed for the other sample (R = 1.3 at 333 K) in which the slope α comes from 1 to 1/3 from the beginning to the end of the transformation.
The kinetic exponent equal to unity is observed when the volume fraction of transformed solid phase exceeds the percolation limit and the clusters are connected. The motion of the fluid trapped necking down the clusters is driven by pressure gradients (Siggia, 1979) . This mechanism is observed for the later times of phase transformation. On the contrary, α = 1/3 occurs as the minority transformed phase is sufficiently rarefied, i.e., at the early times of phase separation. Generally in the literature (Siggia, 1979) , a gradual crossover is observed from the slow (α = 1/3) to the fast (α = 1) growth regime. This behavior is qualitatively similar to that observed 10 100 for the sample with R = 7.0 (323 K). The above explanation does not hold for the sample with R = 1.33 (333 K), in which a change from fast to slow growth regime is evidenced. In fact, this is the only sample that gellifies during the time period here taken into account. The gel time, t g , observed in a control sample is equal to 40 minutes, close to the crossover time (60 min) between both the growth regimes. For gelling systems the viscosity of solution increases steeply before t g and becomes infinite at t g . As a consequence, the fractal domain growth is retarded by the reduced hydrodynamic fluidity of the liquid phase. Under such conditions the phase transformation can just be followed by diffusional processes. We propose that this freezing of coarsening and morphology by gelation can be one of the causes of the thermoreversibility. As gelation occurs before the phase transition would be achieved, this transformation is frozen by gelation. It results in a thermodynamic unstable system, and the transformation can be reversed by appropriate changes of temperature.
Conclusions
The present SAXS study of zirconyl chloride solutions modified by sulfuric acid during an isothermal transition from sol to gel has demonstrated that gelation occurs by growth of fractal domains. As the transformation time advances the fractal dimensionality (D = 2.4), typical of monomer-cluster limited growth, decreases to values corresponding to cluster-cluster limited growth (D = 1.8). The size of the basic building block of the fractal clusters stays invariant (4 Å) during sol-gel transition as expected for physical gelation process. The time evolution of the fractal correlation length can be described by classical models of domains growth developed for advanced stages of phase separation. The values of the kinetic exponent indicate that hydrodynamic flow motion is the dominant transport mechanism. A crossover between the fast and the slow growth (diffusional transport) occurs near to the gelation time.
